Guinea pig and mouse peritoneal macrophages in culture transport glucose by a specific, saturable system with characteristics compatible with facilitated diffusion. Phagocytosis of killed staphylococci or polystyrene latex spheres results in a significant increase in uptake of 2-deoxy-D-glucose. Reciprocal plot analysis showed that the Km values were lowered as a consequence of phagocytosis by a factor of between 2 and 3 in both cell types; Vmax values were not significantly changed. The nature of the intracellular sugar pool was analyzed and found to consist of free and phosphorylated 2-deoxy-D-glucose at a relatively constant ratio of 1:2 after periods of uptake between 1 and 20 min. Phagocytosis resulted in increased levels of both free and phosphorylated sugars in the cytoplasm. Since the Km values were lowered, augmented glucose uptake could not be accounted for by altered hexokinase activity. It was concluded that phagocytosis induces changes in the glucose transport system per se. The data are compatible with the metabolic changes known to be associated with particle ingestion by phagocytic cells. The mechanism by which glucose transport is augmented after loss of significant amounts of cell surface during the phagocytic process is not yet known.
Guinea pig and mouse peritoneal macrophages in culture transport glucose by a specific, saturable system with characteristics compatible with facilitated diffusion. Phagocytosis of killed staphylococci or polystyrene latex spheres results in a significant increase in uptake of 2-deoxy-D-glucose. Reciprocal plot analysis showed that the Km values were lowered as a consequence of phagocytosis by a factor of between 2 and 3 in both cell types; Vmax values were not significantly changed. The nature of the intracellular sugar pool was analyzed and found to consist of free and phosphorylated 2-deoxy-D-glucose at a relatively constant ratio of 1:2 after periods of uptake between 1 and 20 min. Phagocytosis resulted in increased levels of both free and phosphorylated sugars in the cytoplasm. Since the Km values were lowered, augmented glucose uptake could not be accounted for by altered hexokinase activity. It was concluded that phagocytosis induces changes in the glucose transport system per se. The data are compatible with the metabolic changes known to be associated with particle ingestion by phagocytic cells. The mechanism by which glucose transport is augmented after loss of significant amounts of cell surface during the phagocytic process is not yet known.
In another report, we described the process of glucose transport by cultured guinea pig and mouse peritoneal macrophages (A. J. Mukkada and P. F. Bonventre, submitted for publication). The monocytes from both species transport the sugar by means of a specific, carrier-mediated system, and uptake reaches a steady state after 15 to 20 minutes of incubation at 37 C. Since intracellular levels of free sugar at steady state do not exceed the concentration in the extracellular milieu, facilitated diffusion appears to be the mechanism of sugar uptake in both cases. Thus, peritoneal macrophages behave as do the majority of mammalian cells in this respect (15) . Active transport of glucose (i.e., concentration against gradient) occurs only in kidney tubule and intestinal epithelial cells (7) .
Phagocytosis is associated with dramatic changes in the metabolism of the phagocyte (16) . Both monocytes and polymorphonuclear leukocytes exhibit a burst in respiration and oxidation of glucose (9) . The Glucose uptake. The glucose analogue 2-deoxy-Dglucose and the native sugar are transported into the peritoneal macrophage by the same carrier-mediated system (Mukkada and Bonventre, submitted). Thus,
Boston, Mass.), which is not metabolized after an initial phosphorylation, can be conveniently used to characterize glucose transport. The uptake medium consisted of glucose-free Hanks balanced salt solution containing 2-deoxy-D-glucose at a concentration of 2 mM and a specific activity of 0.2 gCi/Amol. The 2 mM sugar concentration is somewhat higher than the calculated Kin; under normal circumstances, peritoneal macrophages attain an intracellular concentration of approximately 1.0 to 1.5 mM free sugar (Mukkada and Bonventre, submitted). Uptake was measured by the rapid sampling technique of Hawkins and Berlin (5) . Macrophage cover slip monolayers were rinsed free of maintenance or growth medium with glucose-free Hanks balanced salt solution and incubated in the uptake medium at 37 C and 5% CO2. The medium was equilibrated at that temperature in a carbon dioxide incubator before and during the uptake procedures. Details are described elsewhere (Mukkada and Bonventre, submitted).
Measurements of intracellular free and phosphorylated 2-deoxy-D-glucose. Although 2-deoxy-Dglucose is not metabolized, the sugar may be phosphorylated by cellular kinases. Consequently, intracellular pools after uptake consist of free and phosphorylated forms of the sugar. Since the final equilibrium, as a result of a facilitated diffusion uptake process, is attained between free sugar outside and inside the cell, the rate of appearance of unphosphorylated 2-deoxy-D-glucose and its ultimate level in the intracellular pool reflect glucose transport per se (14) .
After incubation with ["C]2-deoxy-D-glucose, the macrophage cultures were extracted in boiling water for 5 min after thorough rinsing of the cover slips in cold physiological saline. The cell extracts were then reduced to constant volume (1.0 ml) by evaporation. The cell extracts were then cooled and filtered, and the unaltered sugar was separated from the phosphorylated species by anion exchange resin chromatography (14, 19) . The fractions eluted from the AG-1X2 (Bio-Rad Labs, Richmond, Calif.) anion exchange resin were collected in 0.5-ml quantities directly in vials containing 20 ml of Brays solution (1) for liquid scintillation counting.
Amino acid incorporation into macrophage proteins. Either "4C-labeled protein hydrolysate (Amersham-Searle, Arlington Heights, Ill.) or L-[3Hjleucine (New England Nuclear Corp.) was used as protein precursor. The labeled amino acids were added to the macrophages concomitantly with the particles to be phagocytized or after a 20-to 30-min preincubation with the particles as described in the text. The radioactivity of amino acid used was 2.0 juCi/ml in NCTC medium, and incorporation was allowed to proceed for 2 h. The reaction was stopped by rinsing the monolayers with cold Hanks balanced salt solution or by ice-cold, buffered saline and subsequent centrifugation if cell suspensions were used. Cell suspensions were treated with an equal volume of cold trichloroacetic acid, and the trichloroacetic acidinsoluble material was dissolved in 0.1 N NaOH at room temperature for 2 h. Radioactivity was measured by liquid scintillation counting of samples in Bray solution, and protein was measured by the method of Oyama and Eagle (12) .
RESULTS
Modification of 2-deoxy-D-glucose uptake by phagocytosis. The time course of 2-deoxy-Dglucose uptake by guinea pig macrophages before and immediately after phagocytic stimulus is shown in Fig. 1 extent of' intracellular accumulation were greater than obtained with the non-phagocytizing macrophages. Peritoneal macrophages from mice after 24 h in culture behaved similarly to guinea pig cells (Fig. 2) . Although the particle ingested in the experiments described above was a killed bacterium, the phenomenon is more generalized since polystyrene latex particles also enhanced 2-deoxy-D-glucose uptake (data not shown). The level of' stimulation of' sugar uptake was found to vary between 25 and 60%, and as a general rule, latex spheres were less stimulatory than were bacteria. The significant variation in the enhancement of glucose transport after phagocytosis may be due to the nature and number of particles ingested, although no svstematic evaluation of'this hypothesis was made. Such a study is currently in progress.
Kinetics of 2-deoxy-D-glucose transport. The rate of 2-deoxv-D-glucose influx was determined at substrate concentrations between 0.23 and 4.0 mM. The data was calculated in terms of nanomoles per milligram and expressed in a Lineweaver-Burk double-reciprocal plot. As a consequence of particle ingestion, the apparent Km was reduced by a factor of' 2 to 3. The apparent Km values obtained were 0.6 and 0.:3. and 1.7 and 0.6 for guinea pig and mouse macrophages, respectively (Fig. 3, 4) . On the other hand, the Vmax values did not appear to be changed significantly after phagocytosis.
Nature of intracellular 2-deoxy-D-glucose pools. Mammalian cells possess cytoplasmic hexokinases which phosphorylate 2-deoxy-Dglucose (8, 14) . Thus, total intracellular radioactivitv represents a sum of' the unaltered and phosphorylated forms of' the sugar. latter is an anion, it cannot exchange with extracellular 2-deoxy-D-glucose and the total quantity of sugar internalized is determined in large part by hexokinase levels and/or the enzyme's specific activity. On the other hand, the free intracellular sugar attains equilibrium with the extracellular milieu. Therefore, we considered it of some import to determine the nature of the intracellular sugar pools after uptake of 2-deoxy-D-glucose.
At periods between 1 and 20 min of incubation with radioactive 2-deoxy-D-glucose, coverslip cultures were extracted in boiling water. The free and phosphorylated sugars were then separated by anion exchange chromatography. A considerable quantity of phosphorylated sugar was detected in guinea pig macrophages at any time period (Fig. 5) . This was the case whether or not particles had been ingested prior to uptake of 2-deoxy-D-glucose. It is apparent that the absolute values of both free and phosphorylated sugars were higher after phagocytosis, but that the ratio of' the free to phosphorylated entities remained relatively constant in both cases (about 1:2) throughout the entire uptake period. It aPeritoneal exudate cells were collected 3 days after glycogen stimulation and dispensed in small, plastic tubes at a concentration of 2 x 106/ml, in NCTC medium. Polystyrene latex spheres preincubated with purified immunoglobin G to facilitate phagocytosis were added to some of the tubes while non-phagocytizing cells suspended in the same medium without particles served as controls. Tubes were gassed with 5% C02, capped, and placed on a tilttable at 37 C. Duplicate samples were removed at various times and incorporation was stopped by adding ice-cold, phosphate-buffered saline. Cells were centrifuged at 4 C and washed several times with cold buffered saline. Pellets were resuspended and precipitated with cold trichloroacetic acid. The trichloroacetic acid precipitates were processed as described in Materials and Methods. on protein synthesis was seen when the macrophages were seeded in monolayer culture (as for 2-deoxy-D-glucose uptake), or if the phagocytosis was allowed to precede incubation with the protein precursor. It was also noted that replacement of the amino acid mixture by
[3H ]leucine (2 uCi/ml) generated essentially the same data. If one makes the assumption that transport of amino acids is the rate-limiting step in their incorporation into macrophage protein, then one may conclude tentatively that particle ingestion had no significant effect on membrane transport. Studies directly measuring specific amino acid transport are in progress.
De Chatelet et al. (2) 
DISCUSSION
Although the major effort directed toward comprehension of the metabolic changes associated with the phagocytic process has been with polymorphonuclear cells, and appreciably less attention has been given to the mononuclear phagocyte, it is clear that significant and often dramatic changes occur in both cell types as a consequence of particle ingestion. Glycolytic energy is required for the ingestion process by the polymorphonuclear cells (16) and elicited peritoneal mononuclear cells (9) . Both cell types demonstrate marked metabolic changes of a qualitative and quantitative nature after phagocytosis. The effect on the polymorphonuclear cells is characterized by a large respiratory burst, a metabolic shift from glycolysis to the hexose monophosphate pathway, and generation of hydrogen peroxide (8) . The changes attendant with phagocytosis by peritoneal macrophages are similar but the relatively greater increase in oxidation of glucose C6 than glucose Cl point to a stimulation of the aerobic, tricarboxylic acid cycle as well as the hexose monophosphate pathway. Considerable evidence has accumulated showing that such metabolic changes are associated with bactericidal killing and digestion, although considerable uncertainty as to the precise mechanisms responsible for these important cellular defenses remains (6, 13 ). An obvious important aspect, which up to now has been ignored, is the means by which phagocytic cells sequester the glucose required to meet the additional demands imposed by the phagocytic stimulus. Our experiments with cultured peritoneal macrophages provide evidence (for the first time as far as we know) that more carbohydrate nutrients reach the intracellular cytosol as a consequence of enhanced glucose transport. Although the data we present for peritoneal macrophages of guinea pigs and mice cannot be applied to Another aspect of increased glucose transport after phagocytosis deserves comment. The phagocytosis of large numbers of particles results in the internalization of significant amounts of plasma membrane. The phagocytic cell, therefore, must maintain carrier-mediated transport of a variety of compounds after loss of membrane areas involved in endocytic processes. For this to be possible, the cell must retain specific receptor sites on the cell surface as membrane is intemnalized as a consequence of phagocytosis. That such preservation of transport sites occurs for adenosine and lysine in alveolar macrophages has been thoroughly documented by Tsan and Berlin (17) . Their results indicate that the phagocytic cell membrane is mosaic in nature, with discrete sites involved either for phagocytosis or transport. The mosaic nature of the macrophage plasma membrane is also reflected by the recent observation that the phagocytic stimulus is confined to that segment of the membrane immediately adjacent to the particle being ingested and does not involve areas of membrane on which another type of particle is attached (4) . 'Tsan and Berlin (17) also demonstrated that lysine transport sites are not rapidly resynthesized after phagocytosis, but that they are preserved by their separate topographical distribution on the cell surface. The situation with respect to glucose transport after phagocytosis in our experiments presents a somewhat more complicated picture. Since uptake of glucose is significantly enhanced, a preservation of glucose receptor sites cannot account completely for the phenomenon. Such a topographical separation of transport and receptor sites would allow only a maintenance of normal levels of glucose uptake. An increase in glucose transport necessitates an augmentation of transport function. This may be possible by the appearance of more glucose receptor sites on the cell surface or by an increased binding affinity between the receptors and glucose. The only experimental evidence we present in this report that either of these explanations may be valid is the reduction in the Km values for glucose transport observed as a result of the phagocytic stimulus. Studies involving drugs which modify topographical separation of membrane functions (18) are now in progress in efforts to identify the mechanism allowing the peritoneal macrophage to augment sugar transport as a result of particle ingestion.
